Abstract The purpose of the study was to demonstrate the accuracy and clinical utility of an automated method of image analysis of 4D (3D ? time) magnetic resonance (MR) imaging of the human aorta. Serial MR images of the entire thoracic aorta were acquired on 32 healthy individuals. Graph theory based segmentation was applied to the images and cross sectional area (CSA) was determined for the entire length of thoracic aorta. Mean CSA was compared between the 3 years. CSA values at the level of sinuses of Valsalva and sino-tubular junction were used to calculate average diameters for comparison to Roman-Devereux norms. A robust automated segmentation method was developed that accurately reproduced CSA measurements for the entire length of thoracic aorta in serially acquired scans with a 1% error compared to expert tracing. Calculated aortic root diameters based on CSA correlated with Roman-Devereux norms. Mean CSA for the aortic root agreed well with previously published manually derived values. Automated analysis of 4D MR images of the thoracic aorta provides accurate and reproducible results for CSA in healthy human subjects. The ability to simultaneously analyze the entire length of thoracic aorta throughout the cardiac cycle opens the door to the calculation of novel indices of aortic biophysical properties. These novel indices may lead to earlier detection of patients at risk for adverse events.
Introduction
Accurate measurement of aortic dimensions is essential in the follow-up of patients with connective tissue diseases. Progressive aortic enlargement is found with a variety of diseases including Marfan syndrome, the various Ehlers-Danlos syndromes, bicuspid aortic valve, and familial thoracic aortic aneurysm syndrome. As a noninvasive and readily available imaging modality, echocardiography is typically used to follow the aortic dimensions in these patients. Normative data for the diameter of the aortic annulus, sinuses of Valsalva, sino-tubular junction, and proximal ascending aorta have been defined and published [1] . Recently, the statistical distribution of the various aortic root measurements based on body surface area (BSA) has been determined such that z-scores (where ?1 and -1 z score is equal to plus or minus one standard deviation from the mean, respectively) can be calculated for a given patient [2] . Thus, echocardiography has proven useful in not only providing longitudinal follow-up of aortic dimensions in patients with connective tissue diseases but also for assessing the significance of a single measurement.
Although echocardiography can be considered the current gold standard for evaluating the aortic root, echocardiography has several limitations. Due to differences in body habitus, imaging of some patients can be challenging and standard views of the aorta may not be possible. In addition, disease may extend beyond the proximal aorta and involve the more distal arch, which can be difficult to image by echocardiography. Standard measurements of the aorta beyond the aortic root are also not available, making both comparisons between patients and within a given patient from year-to-year, a challenge.
Magnetic resonance (MR) imaging of the aorta has proven to be an effective way to image the entire aorta throughout the cardiac cycle, thus providing temporal plus three-dimensional structural information (4 dimensions, or 4-D image datasets) [3, 4] . However, standard methods for obtaining the image data and measuring the aorta from 4-D MR images have not been developed as they have for echocardiographic imaging of the aorta. For instance, standard landmarks in the aortic arch have not been defined to allow for year-to-year comparison in a patient. In addition, the vast amount of image data that is obtained during a typical 4-D acquisition makes any analysis a time consuming task.
We recently described an automated method to analyze 4-D MR image datasets of the thoracic aorta from the aortic annulus to the diaphragm with limited user input [5] . In this study, we apply this automated method to normal subjects to demonstrate the reproducibility of the method, compare the automated results to standards derived from echocardiography, and generate normative data for the entire thoracic aorta that can be used for comparison to patient data.
Materials and methods

Participants
Normal subjects were recruited (N = 32) to undergo MR imaging of their aortic arch. Participants were screened for pre-existing cardiac pathology based on history. Family history was also obtained for purposes of screening for connective tissue disorders. Subjects were excluded from participation in the study if they had previous history of valvular (including bicuspid aortic valve), rheumatic, or connective tissue disorders. Participants were scanned at yearly intervals for 1-3 years. Follow-up studies were performed on the same scanner from year to year when possible to maximize reproducibility. The study was reviewed and approved by the Institutional Review Board and informed consent was obtained from all subjects.
Magnetic resonance imaging
All imaging was done on a 1.5 T Siemens Avanto scanner (Siemens Medical Solutions USA, Malvern, Pennsylvania). True FISP sequence was used with repetition time = 30-35 ms, Echo time = 1.1-1.3 ms, Flip angle = 72°. The field of view was typically 35 by 50 cm with a pixel resolution of 1.5-2 mm and slice thickness of 6-8 mm with an interslice distance of 8 mm. Retrospective cardiac gating was used. Localizer images were obtained followed by non-contrast steady state free precession cine images. Standard views that were obtained included a left ventricular outflow tract (LVOT) view that corresponds to an echocardiographic long-axis view and an aortic arch or ''candy cane'' (CC) view that included the distal ascending aorta, transverse arch, and descending aorta to below the diaphragm. Overall scan times averaged 45 min to 1 h. Number of breath holds averaged 8 for the ''candy cane'' and 6-8 for the LVOT views.
Image analysis
Following image acquisition, patient identifier information was stripped from the image files and identifying coding information entered into a database on a secure server. The LVOT and CC images were registered together using the positioning and intensity information available in the DICOM data. The registration process fused the information about the aorta from the two views, identifying the spatial correspondence between the LVOT and CC images and interpolating the image to isotropic voxels to facilitate automatic segmentation of the aorta. The number of phases was normalized to 16 to account for the temporal variability between LVOT and CC acquisitions and between multiple scans. The automatic segmentation approach consisted of robustly segmenting the aortic surface in all four dimensions simultaneously to ensure 3D and 4D continuity [5] . The graph theory-based segmentation (GTS) algorithm required a single initialization of the following input points in the first phase of the 16-phase 4D Image: the starting point for the segmentation at the aortic annulus in the LVOT view, a mid-point in the LVOT view between the aortic annulus and sinuses of Valsalva, an end point near the diaphragm in the CC view and a 3D region of interest consisting of the entire thoracic aorta in the CC view. The remainder of the segmentation was fully automatic and provided the necessary input points for defining the surface of the entire thoracic aorta in 4D. Processing time for registration and segmentation averaged around 5 min.
Measurement extraction
Each phase in a 4D image was individually analyzed to extract the measurements. The centerline was extracted from the 3D segmented image using a skeletonization algorithm [6] . The centerline coordinates initially represented by discrete voxel locations were interpolated to a floating point space, up-sampled and smoothed to obtain a smooth and highly sampled centerline across the entire segmented thoracic aorta. The centerline coordinates provided the locations to extract measurements across the entire thoracic aorta and the direction of the centerline provided the geometric information to extract the measurements. The number of centerline points was normalized to 100 to ensure that the number of measurement locations were consistent among multiple 3D images while still maintaining a small sampling distance. Since the aorta, at the most distal location (diaphragm), is not always perpendicular to the cross sectional plane, the centerline may be inaccurate in the last few of the 100 identified segments. This, in turn, may affect the accuracy of the cross-sectional indices. Therefore, quantitative analysis was based on the proximal 95 segments disregarding the most distal 5 segments. Vectors were calculated between two neighboring centerline points and smoothed with three neighboring vectors on either side to ensure smooth directional information.
Contours representing the aortic border were extracted using the Kitware Visualization Toolkit (Kitware Inc., Clifton Park, New York) at each centerline location in a plane perpendicular to the centerline (Fig. 1) . The contours were circumferentially split into one hundred discrete points and the points were aligned based on their coordinates to extract new measurements about the geometry, shape and size of the aorta. Cross sectional area (CSA) was calculated as the sum of the areas of all triangles formed by connecting the centroid point to adjacent contour points. The utilization of a dense and constant number of measurement locations allows for each measurement index to represent a certain anatomical location in the aorta. Hence, 4D measurements can be calculated by comparing a measurement at a certain index between multiple phases (Fig. 2) . Comparison of a 3D and 4D measurement among serial scans can also be done since the concept of a measurement index representing an anatomical location will hold for this case as well. The maximum CSA among different phases (Max CSA) of a scan at each measurement index was calculated and compared between serial scans as an initial validation of this method.
Statistical analysis
Data are presented as frequencies and mean ± standard deviation. Repeated measures ANOVA testing was used to evaluate reproducibility of CSA measurements. Statistical analysis software was SAS 9.2 (SAS, Cary, NC).
Results
Participant characteristics
Characteristics of study subjects are presented in Table 1 . Subject age ranged from 22 to 39 years. Body surface area (BSA) was calculated by the Mosteller method and was available for 29 of 32 subjects [7] . BSA ranged from 1.58 to 2.25 m 2 . Males and females were evenly represented in the group.
Validation and editing
All aortic borders were reviewed by an expert observer for accuracy of the segmentation result using a specially developed graphical user interface. Editing of borders was performed in 45% of the images. The majority of these edits consisted of minor border adjustments (5-10 pixels). The average percent change in the CSA that occurred following editing for each of the 100 levels is shown in Fig. 3 . As can be seen, the maximum change in CSA occurred in the aortic root and amounted to a change of less than 5%. The average per-scan change in aortic volume resulting from the editing was 1 ± 1%. Due to partial volume effects, the automated segmentation process modestly overestimated the CSA at two locations, where the ascending aorta crossed next to the pulmonary artery (level 22) and where the descending aorta was next to the pulmonary veins (level 70; Fig. 4 ).
Cross sectional area and reproducibility
The analysis method was able to extract consistent measurements in a population of normal subjects with no expected change in aortic size from year to year. The average of the maximal CSA for all patients along the entire length of thoracic aorta was calculated for year 1, year 2, and year 3 and shows little variation between years (Fig. 5) . Not all participants from year 1 chose to continue in the study; therefore, numbers for years 2 and 3 were smaller. Numbers are as follows: year 1 (N = 32), year 2 (N = 24) and year 3 (N = 14). No significant difference in the variability of measurements from year to year was found (P = 0.68).
Calculated diameters comparison to Roman-Devereux Norms
End diastolic sinuses of Valsalva (SV) and sinotubular junction (ST) were identified from individual 2D LVOT and CC images. Using image localization features built into the graphical user interface, the closest cross section was identified on the 3D reconstructed aorta and the CSA measurement in diastole was taken from that level. The CSA from SV and ST of year 1 scans were used to calculate an average diameter for purpose of comparison to Roman-Devereux values in Fig. 6a and b [1] . All subjects fell within normal or slightly below normal range for age and BSA. Eccentricity values, indicated by the ratio of maximum diameter to minimum diameter were calculated for each of these levels. Eccentricity at the sinuses of Valsalva was 1.11 ± 0.04 and at the sinotubular junction was 1.13 ± 0.03. 
Discussion
The amount of image data that is acquired during MR imaging of the aorta exceeds the ability to manually extract all the potential information that is available. Automated analysis is clearly necessary when 140 or more images are obtained that span the 3-dimensional volume of the thorax throughout the cardiac cycle. The automated 4D image segmentation and analysis method described in this study was able to provide important anatomic information about the entire thoracic aorta. The GTS method of image segmentation and subsequent analyses was performed with limited operator input (requiring only identification of points in the aorta at the annulus, aortic root and diaphragm defining the region of the aorta) and produced results that required limited operator modification. The potential clinical use for multidimensional cine analysis is tremendous considering the vast amount of data available that would otherwise not be considered. In this study, the automated analysis method was used to calculate the CSA at 100 points along the entire length of thoracic aorta throughout systole and diastole in a group of normal subjects. Repeated studies in the same subjects allowed reproducibility to be tested over 3 years. As expected in the normal subjects' images in successive years, CSA showed good correlation among individual subjects and by mean values for the entire group.
Manual identification of specific locations along the aorta allowed for comparison with previously published values. for patients ages 20-39 years [9] . Echocardiographic measurements of the aorta have been routinely performed in the followup of patients with known or suspected connective tissue disorders. When these measurements are made, diameters are typically measured from 2D or Mmode images [1, 10, 11] . While vessel diameters can be measured from typical 2D MR images, calculation of the CSA in this study allowed for determination of an average aortic lumen diameter at any level of interest. Aortic diameters at the sinuses of Valsalva and the sinotubular junction were compared to Roman-Devereux standards that have previously been published [1] . When corrected for body surface area, the calculated diameters fell within low end of normal, to slightly below normal, for both the sinuses of Valsalva and sinotubular junction. Several reasons may explain these differences. The measurements made from the MR images were determined from the inner edges of the vessel rather than the leading edge to leading edge method used by echocardiography [1] . Further, calculation of the aortic diameter from the CSA assumes a uniform circle for the aorta, which is not always found. In work by Meijboom et al., aortic root asymmetry was Calculated average diameter at SV plotted against body surface area. Sloped lines represent the Roman-Devereux 5th and 95th percentile norms for age 18-40 years (10) noted in Marfan patients where they found that the location of largest aortic root dimension frequently occurs between the right and left coronary cusps [4] . This maximal diameter would be out of view when using the standard transthoracic echocardiogram protocol for measuring aortic root dimensions. The degree to which this asymmetry occurs in normal subjects is not known. We were able to calculate the eccentricity of the aorta for our subjects and found that average eccentricity was 1.1 at the sinuses of Valsalva and the sino-tubular junction. We would expect that eccentricity may increase with larger diseased aortas and suspect that CSA likely provides a more accurate and comprehensive analysis of aortic root size.
It is clearly clinically important to monitor the entire aorta given that vessel dilation in connective diseases has been shown to occur throughout the aorta [12] [13] [14] . For example, in patients with familial TAA syndrome, nearly one-quarter of all the observed aneurysms occur in the distal thoracic aorta. In addition, these aneurysms tend to grow at faster rates and have a higher incidence of dissection than similar sized aneurysms of the ascending aorta [15] . Patients with Ehlers-Danlos syndrome also have disease that involves the entire aorta [16] , and in patients with Marfan syndrome, the entire aorta can dilate [17] .
In all groups of patients, interrogation of the entire aorta is particularly important following aortic root replacement. Studies by Kawamoto et al. and Engelfriet et al. found that a significant number of Marfan patients had further vasculopathy of the descending and abdominal aorta after elective root replacement [12, 18] .
The ability of MRI to provide accurate measurements of the entire aorta in several key dimensions makes it a method ideally suited for monitoring during both the pre-and post-surgical periods. A limitation of manual measurements of aortic dimensions from MR images is the reproducibility of both the location and plane of section of the measurements from one study to the next. Further, reference measurements of regions of the aorta, such as the aortic arch and isthmus, have not been available. The analysis method described in this study allows measurements of the entire thoracic aorta to be aligned from year to year in a given subject. In addition, a range of CSA measurements along the entire length of thoracic aorta from normal subjects can be developed and used for reference when imaging patients with known or suspected connective tissue disease. Establishing an indexed normal range for CSA across the entire thoracic aorta, much like the Roman-Devereux curves for aortic root diameters, will be necessary to provide reference data for a range of subject sizes. While this study provides the substrate to construct an initial nomogram, further work must be done to include subjects from other age groups and varying body sizes [9] .
In addition to providing dimensional information along the entire thoracic aorta, 4D MR image datasets can potentially yield important information detailing vessel mechanics. There has been much written about the use of MR imaging for evaluation of biophysical properties of the aorta in connective tissue disorders [14, [19] [20] [21] [22] [23] [24] . Parameters such as aortic distensibility, wall stress, compliance and pulse wave propagation have all been calculated from MR images of the aorta. Several parameters have prognostic significance. For example, decreased aortic distensibility, as well as pulse wave velocity has been shown to be predictors of progressive aortic dilation in Marfan patients and in patients with bicuspid aortic valve [22, 25] . Non-uniform dilation and aneurysm formation in Marfan syndrome clearly point toward a heterogeneous pattern of fibrillin fragmentation [26] , which likely results in regional differences in aortic characteristics. A clear strength of the 4D method of analysis in this study is that it provides accurate measurements of the aorta that are heterogeneous and are not limited to a given imaging plane. Just as CSA across the entire length of the thoracic aorta can be plotted, so too can biophysical properties of the aorta that are calculated from the 4D image dataset.
In conclusion, the findings from this study show that automated analysis of complete 4D (3D ? time) MR images of the entire thoracic aorta provide accurate and reproducible measurements of aortic CSA in normal healthy subjects. Future studies with larger sample sizes and a greater range of body sizes will provide new standards for monitoring of patients with connective tissue disorders across a range of ages. The ability to simultaneously analyze the entire length of the thoracic aorta throughout the cardiac cycle opens the door to the calculation of novel indices of aortic biophysical properties. These novel indices may lead to earlier detection of patients at risk for adverse events.
